Neuroimaging studies in obese subjects have identified abnormal activation of key regions of central reward circuits, including the nucleus accumbens (NAcc), in response to food-related stimuli. We aimed to examine whether women with elevated body mass index (BMI) show structural and resting state (RS) functional connectivity alterations within regions of the reward network. SUBJECTS/METHODS: Fifty healthy, premenopausal women, 19 overweight and obese (high BMI = 26-38 kg m − 2 ) and 31 lean (BMI = 19-25 kg m − 2 ) were selected from the University of California Los Angeles' Oppenheimer Center for Neurobiology of Stress database. Structural and RS functional scans were collected. Group differences in grey matter volume (GMV) of the NAcc, oscillation dynamics of intrinsic brain activity and functional connectivity of the NAcc to regions within the reward network were examined. RESULTS: GMV of the left NAcc was significantly greater in the high BMI group than in the lean group (P = 0.031). Altered frequency distributions were observed in women with high BMI compared with lean group in the left NAcc (P = 0.009) in a medium-frequency (MF) band, and in bilateral anterior cingulate cortex (ACC) (P = 0.014, o 0.001) and ventro-medial prefrontal cortex (vmPFC) (P = 0.034, o 0.001) in a high-frequency band. Subjects with high BMI had greater connectivity of the left NAcc with bilateral ACC (P = 0.024) and right vmPFC (P = 0.032) in a MF band and with the left ACC (P = 0.03) in a high frequency band. CONCLUSIONS: Overweight and obese women in the absence of food-related stimuli show significant structural and functional alterations within regions of reward-related brain networks, which may have a role in altered ingestive behaviors.
INTRODUCTION
In the lean individual, food intake and body weight are under tight homeostatic regulation. 1 Bidirectional signaling between the gut, adipose tissue and the brain acts as an energy-balancing circuit, assuring a stable body weight even in the presence of fluctuations of food intake and physical activity. However, in obesity relative changes in the inputs to this circuit have to be considered, which might disrupt or off-set this balance. 2 One important input comes from the mesolimbic dopamine system, which drives food-related behaviors and has a crucial role in the complex interactions between hedonia, reinforcement, motivation, incentive salience and reward prediction. 3, 4 From an evolutionary standpoint, this system optimizes survival in a world of limited food supply. 5 However, when highly palatable food is readily available, increasingly hedonically driven consumption can lead to an altered state of homeostasis. 2 Under these circumstances, the ability to resist the urge to eat is no longer solely dependent on metabolically driven satiety signals, but becomes dependent on the inhibitory effects of prefrontal control mechanisms.
Neuroimaging studies in human subjects have highlighted the parallels between drug addiction and a subset of obesity, 6 suggesting that addictive and natural reinforcement from food is dependent on the engagement of brain regions associated with reward. 4 Food addiction has been implicated as an important factor in the pathophysiology of obesity in~11% of overweight and obese women. 7 For example, alterations in dopaminergic input from the ventral tegmental area and substantia nigra to the nucleus accumbens (NAcc) can lead to a dysregulation of motivational and reward properties associated with food intake. 8 In fact, individual differences in NAcc responses to contextual food cues (including visual, auditory and olfactory) may be one of the main reasons for obese individuals to show addiction-like behaviors resulting in weight gain. 9 The majority of insights about brain alterations in food addiction come from PET studies using dopamine receptor ligands, 10 and tasked-based functional magnetic resonance imaging (MRI) studies that look at hemodynamic blood-oxygen-level dependent (BOLD) signals while subjects undergo a specific task, such as viewing images of food. 11 Studies have also reported obesity-related differences in brain structure. For example, body mass index (BMI) has been shown to be positively correlated with grey matter volume (GMV) in the medial orbitofrontal cortex (OFC), hypothalamus and the left putamen. 12 In addition, several studies have identified increases in GMV of the NAcc in obese subjects compared with lean subjects, 12, 13 as well as in subjects who had increased eating behaviors but similar BMI compared with control subjects. 13 When viewed together, these results suggest that the NAcc is not only associated with evaluating motivationally salient stimuli (food) and in evaluating its subjective value, but that chronically altered ingestive behavior is associated with neuroplastic structural changes in the NAcc.
There is limited information about obesity-related differences in spontaneous intrinsic BOLD oscillations in the brain (resting-state (RS) functional MRI). Several RS analytic techniques such as fractional amplitude of low-frequency (LF) fluctuation (which computes regional power spectrum intensity of spontaneous brain oscillations) 14 and intrinsic functional connectivity have been used to identify disease-related alterations associated with specific brain regions. Such techniques have been used to examine altered neuro-circuitry in obesity. [15] [16] [17] Based on previous reports on alterations of the extended reward network in obesity, we aimed to test the following hypotheses in healthy women with and without elevated BMI values: Subjects with elevated BMIs (1) have larger NAcc volumes compared with lean controls, reflecting increased engagement of the reward system and/or secondary neuroplastic effects of obesity on the brain; (2) show alterations in intrinsic oscillatory dynamics of BOLD signal for regions of the extended reward network, including the NAcc; and (3) show increased NAcc functional connectivity within the reward network compared with lean controls.
MATERIALS AND METHODS

Participant selection
Fifty healthy women aged 18-40 years were recruited through the University of California, Los Angeles, and community using advertisements. a brief structured interview for major Axis I psychiatric disorders in DSM-IV 19 and ICD-10, 20 and the Hospital Anxiety and Depression questionnaire. 21 The subjects provided written informed consent and all procedures were reviewed and approved by the University of California Los Angeles Medical Institutional Review Board. Further exclusion criteria included pregnancy, substance abuse, tobacco dependence, psychiatric illness, diabetes and any digestive or eating disorders such as anorexia or bulimia nervosa. Subjects were also excluded if they were currently on medication such as analgesics or antidepressants. Subjects who had undergone any obesity-reduction surgery were also excluded.
Structural and RS data acquisition MRI images were acquired on a Siemens 3 Tesla Trio scanner (Erlangen, Germany). Structural scans included a standard T1-weighted magnetizationprepared rapid acquisition gradient echo scan, which was acquired with the following parameters: echo time = 3.26 ms, repetition time = 2200 ms, slices = 176, slice thickness = 1.0 mm and voxel size = 1 × 1 × 1 mm, with the exception of three obese subjects whose structural images were collected with the following parameters: echo time = 3 ms, repetition time = 2000 ms, slices = 160, slice thickness = 1 mm and voxel size = 1 × 1 × 1 mm.
Functional MRI RS scans between 8m6s and 10m6s in length were acquired with an echo planar sequence with the following parameters: echo time = 28 ms, repetition time = 2000 ms, scan duration = 8m6s-10 m6s, flip angel = 77°, field of view = 220 mm, slices = 40 and slice thickness = 4.0 mm, and slices were obtained with whole-brain coverage.
Structural MRI image processing and analysis
Outlines around the NAcc were manually created with the help of the intensity contour function within FSLview (FMRIB's Software Library, www. fmrib.ox.ac.uk/fsl. 22, 23 First, slices were selected where the anterior NAcc is most visible. To determine the superior border of the NAcc, an oblique line was drawn from the inferior most tip of the lateral ventricle (where it meets the caudate) to the inferior most medial tip of the putamen. Next, the inferior border of the NAcc was determined using the contour function and with the help of determining the position of the caudate (http:// neuromorphometrics.org:8080/Seg/html/segmentation/accumbens_area. html). The LONI (Laboratory of Neuroimaging) pipeline (http://pipeline.loni. usc.edu/), a graphical workflow environment, was used to obtain total brain volumes for all subjects. The NAcc region of interest (ROI) values were then aggregated and entered in a general linear model in SPSS while controlling for age and total brain volumes, to compare the NAcc volumes in the two groups (obese and overweight compared with lean female subjects).
RS MRI image preprocessing
Image processing and data analysis were performed using Statistical Parametric Mapping 8 (SPM8) software (Wellcome Department of Cognitive Neurology, London, UK). Processing was done through the SPM toolbox, Data Processing Assistant for Resting-State fMRI, 24 where data were slice-time and motion corrected. Nuisance covariate regression was performed to minimize physiological noise using six head motion parameters, white matter signal and corticospinal fluid signal. Data were spatially normalized to the Montreal Neurological Institute template using structural scans. Spatial smoothing with a 4-mm 3 Gaussian kernel occurred after calculation of frequency and connectivity maps. 24 
Frequency analysis
Although frequency analyses of RS scan data typically compute power with a 0.01-to 0.10-Hz band, the frequency spectrum can be further subdivided to better reflect the neural origin of their sources.
14 For each RS scan, the BOLD signal time-course data of each voxel was transformed to the frequency domain and was subdivided into slow-5 (0.01-0.027 Hz), slow-4 (0.027-0.073 Hz) and slow-3 (0.073-0.198 Hz) frequency bands thought to represent different neuronal oscillation classes. 25, 26 These bands will be referred to LF, medium frequency (MF) and high frequency, respectively. Relative power within each of the three bands was computed for each voxel in the brain using fractional amplitude of LF fluctuation and normalized to the mean.
14 This technique involves summing the oscillatory amplitudes across a particular frequency range (that is, 0.027-0.073 Hz), then dividing by the amplitude sum across a more inclusive range (that is, 0-.25 Hz), thereby assessing the ratio of power for a particular frequency band to the power of the entire frequency range. A grey matter mask was applied to restrict analysis to grey matter regions. For the results of the frequency band analyzes we focused on the LF and MF bands only, as the high-frequency band can contain noise (possibly due to interference from physiologic measures).
The general linear model in SPM8 was used to compare group data (overweight and obese; lean) × band (LF; MF), with age included as a covariate. Using an ROI approach, 27 group contrasts (overweight and obese group versus lean group) were performed for each band, to identify regions with altered frequency power distributions. Anatomically-based ROIs were created using the Wake Forest University PickAtlas toolbox in SPM8. Regions were chosen based on involvement within the extended reward network, as upregulation of reward circuits that drive ingestive behavior include brain regions concerned with reward, salience, central autonomic and cortical inhibition (prefrontal control). The brain regions included the NAcc, hippocampus, OFC, vmPFC, ACC, amygdala, insula and regions of the striatum (caudate, putamen andpallidum). 4, 5, 8 Contrast images were thresholded at P = 0.001 and uncorrected and small volume correction was employed to determine significance of ROI based on Po0.05, corrected for family-wise error rate. False discovery rate was applied to control for the type I error inherent in testing multiple ROIs. 28, 29 Seed-based functional connectivity analysis Altered frequency power distribution can be accompanied by altered functional connectivity; [30] [31] [32] thus, the functional connectivity of the regions identified in the above analysis was examined, focusing particularly on the region in the left NAcc. Using MarsBar, 33 a seed was defined for the NAcc using results of the frequency analysis; thus, the NAcc seed was confined to the portion of the NAcc, demonstrating altered frequency distribution. For readability, the functionally defined NAcc cluster is sometimes simply referred to as the NAcc in the Results and Discussion sections. In addition, the other reward-related regions with significant group differences in frequency power were used as ROIs in the functional connectivity analysis (ACC and ventro-medial prefrontal cortex (vmPFC)). Band-specific Fisher-transformed maps of the bivariate correlation between seed ROI time course and all other voxels were created using Data Processing Assistant for Resting-State fMRI. Band-specific functional connectivity in overweight and obese versus lean women was compared using an ROI approach similar to other studies, 34 and a two-sample t-test in SPM8 using age as a covariate. Significance was determined at P o0.05 family-wise error corrected and ROIs were further false discovery rate Altered brain connectivity in obese women K Coveleskie et al corrected for multiple comparisons. 28, 29 Correlations between brain measures (structural, frequency power and functional connectivity) and BMI were conducted in SPSS. 35 
RESULTS
Demographic and clinical characteristics
The subject groups showed no statistically significant difference in age or any clinical measure (Supplementary Table 1 With all values being within the normal range, the two groups also did not differ in symptom levels of anxiety (F = 0.361, P = 0.553), depression (F = 2.301, P = 0.139).
Structural analysis (NAcc volumes) After controlling for age and total brain volume, the high BMI group had larger bilateral NAcc volumes compared with the lean group (Table 1) Table 2 . When comparing the high BMI group with the lean group, the left NAcc had greater frequency power in the MF band (P = .009) (Figure 2a ). There was no significant correlation between the left NAcc brain volume and frequency power in either the MF (r = 0.228, P = 0.115) or LF (r = 0.126, P = 0.388) bands. The bilateral ACC (left P o 0.001, right P = 0.014) and vmPFC/OFC (left P o 0.001, right P = 0.034) showed greater frequency power in the LF band (Figure 2b ). There were no brain regions that had greater frequency power in the lean subjects. None of the other ROIs showed significant group differences.
Functional connectivity of the NAcc The region within the left NAcc and the other regions (bilateral ACC and vmPFC) identified in the above frequency analysis were used to determine the functional connectivity between these regions. These results are summarized in Table 3 . The left NAcc region demonstrated band-specific altered functional connectivity with the ACC and vmPFC in the high BMI group compared with the lean group. In the MF band, greater NAcc functional connectivity was observed in the overweight and obese group with the left and right ACC (P = 0.024; P = 0.024), and the right vmPFC/OFC (P = 0.0315) (Figure 3a) . In the LF band, greater NAcc functional connectivity was observed with the left ACC (P = 0.03) (Figure 3b ). Functional connectivity and BMI was found to be significantly correlated for all the regions that had greater functional connectivity with the defined cluster of the left NAcc in the high BMI group for both MF (right ACC (P o0.001, r = 0.522), left ACC (P = 0.013, r = 0.349), and right vmPFC/OFC (P o 0.001, r = 0.517)) and LF (left ACC (P = 0.023, r = 0.321)) bands. No NAcc functional connectivity was observed to be greater in the lean group.
DISCUSSION
In this study, we examined differences between healthy women with high and normal BMI regarding NAcc volume, frequency Altered brain connectivity in obese women K Coveleskie et al distribution of intrinsic BOLD oscillations and in terms of NAcc functional connectivity. The main findings of the study were as follows: women with increased BMI had (1) significantly larger left NAcc volumes, (2) increased band-specific frequency power in key regions of the extended reward network, including the NAcc, and (3) increased functional connectivity of a region within the NAcc with other extended reward-related regions that had also demonstrated altered frequency. The findings of this study are consistent with an alteration in central reward circuits in the pathophysiology of obese women. To our knowledge, this is the first study to demonstrate abnormalities in the intrinsic oscillation and connectivity of the RS brain in women with increased BMI.
Increased BMI is associated with larger NAcc volume Our findings of increased GMV of the NAcc are consistent with previous reports that focused on male/female differences (20) , and adolescent (24) and elderly (46) subjects showing greater GMV in reward regions with higher BMI. Based on positive correlations between serum leptin levels and greater GMV in NAcc and ventral striatum, it has previously been suggested that the obesity-related structural differences may be a consequence of increased signaling from adipose tissue to the brain, 12 rather than a consequence of altered ingestive behavior. Further support for a hypothesized role of adipocyte-related signals influencing brain structure comes from a recent study in morbidly obese subjects, in which structural brain changes were negatively correlated with body fat. 36 Brain-imaging findings from other disorders of ingestive behavior (for example, anorexia nervosa and bulimia nervosa) also suggest the possible role of signals related to body fat or hydration, rather than to food intake or addiction, in the development of structural brain differences. For example, a systematic review done by Van den Eyden et al. 37 suggests there is a general increase in volume of brain regions in bulimia nervosa and binge-eating disorder, which are ingestive behavioral disorders that are associated with increased eating. However, there is a general decrease in brain volumes observed in anorexia nervosa, a disorder characterized by severe reduction in food intake and loss of body fat. 37 Together, these studies suggest that adipocyte-related signaling to the brain may result in both increases as well as decreases in GMV, and that these alterations are based on the degree of food and water intake. Mechanistic studies in rodent models are required to further test this hypothesis.
Increased spontaneous brain oscillations in individuals with high BMI within the LF and MF bands To identify specific regions for the functional connectivity analyses, we first performed a regional frequency analysis of spontaneous RS oscillations. Frequency power differences showed that women with increased BMI had a greater mean amplitude in the LF and MF bands relative to the entire frequency spectrum in the left NAcc and the bilateral ACC and vmPFC (that is, regions of the extended reward network). The fact that no significant correlations were found between the left NAcc volume and oscillatory amplitude in the MF or LF bands suggests that there is no simple relationship between structural and RS differences. [38] [39] [40] Although the functional consequences of differences in regional brain oscillations are not fully understood, 31, 41 we may speculate about possible interpretations relevant to ingestive behavior and obesity. One interpretation of increased frequency power in lower bands (including both LF and MF bands) is that it reflects reduced neuronal firing. 41, 42 Reduced activity in the NAcc could reflect the loss of dopamine 2 receptors in this brain region, which has previously been reported in obese subjects, and is associated with impaired dopamine signaling 43 and a decrease in the inhibitory role of the NAcc. 44 Reduced activity in the ACC and vmPFC could also reflect altered dopamine signaling, as decreased availability of striatal dopamine 2 receptors has previously been linked to decreased activity in the PFC and ACC in both obesity and drug addiction. 45, 46 These cortical regions are involved in inhibitory control. 47 It has been hypothesized that reduced engagement of the PFC/ACC contributes to the lack of behavioral control in individuals with different forms of addiction. 6 The separation of frequency bands used in this analysis was based on the observation that behaviorally relevant brain oscillations have linearly distributed center frequencies on the natural logarithmic scale. 25 Even though the functional relevance of differences obtained with this analysis method are incompletely understood, 41, 42, 48, 49 it has been used in several published reports. 15, 30, [38] [39] [40] 50, 51 For example, variability in frequency power has been studied in mild cognitive impairment 50 as well as Parkinson's disease where treatment-related changes in frequency power of motor cortex/basal ganglia have been related to motor performance. 15, 51 Kilpatrick et al. 30 identified band-specific BOLD fluctuation differences after ingestion of high-sucrose compared with low-sucrose beverages in the nucleus tractus solitarius, which also demonstrated altered band-specific functional connectivity. These studies provide support that band-specific alterations in frequency power are functionally relevant and can be used to identify affected brain regions with altered activity/connectivity. 30 Increased NAcc functional connectivity with cortical reward-related regions in subjects with high BMI The increased functional connectivity between the left NAcc cluster with the ACC and vmPFC in the high BMI group compared with the lean group in this study is similar to findings reported in individuals addicted to nicotine and other drugs. 52, 53 In heroin users, 54 the observed increased functional connectivity between regions involved in reward, craving and motivation (for example, between NAcc, ACC and OFC) were thought to be related to compulsive behaviors characteristic of heroin addicts. An increase in functional connectivity between the NAcc and cortical control regions has also been observed in other compulsive disorders, not related to substance abuse. 53, 55 For example, in obsessivecompulsive disorder patients, greater functional connectivity of the ACC with regions including the NAcc is suggested to contribute to the loss of control observed in these subjects. 55 
Limitations
The unilateral structural and functional alterations observed for the (left) NAcc may be a consequence of sample size (as a trend was observed for the right NAcc), or it may reflect a true laterality. Future studies in larger populations need to address this question. There is limited information on the interpretation of frequency band oscillations and their physiological significance. Given that activation of brain regions through a task has been shown to shift frequency distribution towards higher frequencies, 56 one possible interpretation of the increased lower frequency power is that these regions are less active; however, other interpretations are possible. 41, 42 For example, band-specific alterations in frequency power may reflect altered balance between local processing versus long-range inputs with increased MF power reflecting greater local processing. It has also been suggested that examining functional connectivity of various bands would have similar physiological implications. 31 No autonomic measures were collected to address how they might have an impact on RS measures.
57,58 However, we controlled for possible influences of autonomic activity on RS oscillations by regressing out nuisance variables and focusing on bands less influenced by physiological noise (LF and MF). As the subjects used in the study were collected from a database, we did not have consistent information in regards to dietary habits, fasting, appetite and hunger. As a result, we were not able to correlate the observed biological abnormalities with behavioral patterns of food intake. In addition, due to the nature of the data collection, time of day for the scans is variable. Finally, the study was performed only in female subjects. Several studies have reported sex-related differences in obesity, addiction and related neurobiology, 12, 59, 60 and it is therefore likely to be that findings may differ in a male population.
Summary and clinical implications
Our results demonstrating structural, functional and connectivity alterations in women with increased BMI support the important role of alterations within the extended reward network, including inhibitory cortical control mechanisms that can lead to the ingestive behaviors, which are more driven by hedonic as opposed to metabolic aspects of food intake. As the subjects in this study were only selected by their differences in BMI and not by differences in behavioral measures of food intake (such as measures of food addiction), the findings suggest that such an increased influence of reward-driven mechanism is likely to be present in varying degrees in obese subjects in general. However, the alteration may become the predominant mechanism in subjects with increasing scores on the food addiction questionnaire. 7 Future studies are needed to validate these observations in a larger group of male and female subjects with different degrees of behavioral food addiction, and to determine the potential use of these measures as a potential neurobiological biomarker for subsets of obese individuals. If confirmed, such biomarkers could be used to enrich patients for therapeutic trials and to evaluate the effectiveness of therapeutic interventions. 
